Introduction
Dissolved cations are ubiquitous in natural water, and may either represent valuable micronutrients (Na + , atomic emission spectroscopy 4, 5 and mass spectroscopy 6 have been developed to detect waterborne cations at low concentrations. However, these techniques require expensive instrumentation and infrastructure that is not easily portable to the point of need 7 .
As a lower cost, more portable alternative, organic chemistry has developed organic metal complexing agents as sensitisers that bind to waterborne cations, these are known as A -(2-pyridylazo)-2-naphthol (PAN) 8 , which (rather unselectively) chelates many bivalent cations. More recently a range of macrocycles (calixarenes 9, 10 , porphyrines 11 , phthalocyanines 12, 13 ), and conjugated polymers bearing crown ether ligands 14 , have been reported with sometimes highly selective complexing of metal cations in their central cavity. M S complexation may lead to a change of optical absorbance. Often, complexation is instead transduced electrochemically [e.g. 15 ] via a change in interfacial potential. However, many macrocycles are almost insoluble in water 16, 17 . For application to aqueous media, the contact between insoluble sensitiser and waterborne cations is usually mediated by embedding sensitisers in plasticised PVC membranes 15, 18, 19 ; a theoretical treatment is in 20 .
The discovery of Berggren et al. 21 23, 24 .
On the example of calcium, we here demonstrate a simplified OTFT architecture for selective detection of waterborne cations that requires no PVC membrane, and no electrochemical reference electrode as in previous reports 23, 24 . We deliberately add a small amount (1% wt./wt. of rrP3HT)of a calcium-VI
25
as a sensitiser to rrP3HT spincasting solution. We find that water-gated OTFTs cast from sensitised rrP3HT solutions selectively respond to calcium cations dissolved in the gating water in a very similar way to PVC membrane sensitised devices. This approach can easily be generalised to other cation-selective macrocycles.
Experimental section
We fabricated transistor substrates on 20 mm x 15 mm flat glass slides coated with 20 nm of SiO2, sourced from Ossila Ltd, similar as described previously 26, 27 . Glass / SiO2 substrates were cleaned with solvents in an ultrasonic bath, and then in an UV ozone cleaner. We used DI water-and sample solution-gated OTFTs, we plotted DI water gated and sample gated transfer characteristics in the same graph and shifted the sample-gated characteristics horizontally along the V G axis to find the best possible overlap to the DI gated characteristic.
V th is the shift required for best overlap, the procedure is illustrated in Fig. 2c . Same procedure was used by Biscarini et al 22 for a water-gated dopamine-sensing OTFT. The described method does not assume a specific mathematical form for the I D (V G ) characteristic which makes it most appropriate for the current situation, as our transfer characteristics are neither strictly linear nor saturated.
Results and discussion , details of preparation are given in the experimental section. Note the similarity of this setup to a generic water-gated OTFT (e.g. 21 ), the only added feature is the presence of 1% wt./wt. of calcium ionophore VI in the semiconducting film.
We require no separate PVC membrane, and no electrochemical reference electrode. Fig. 1b shows an output characteristic for the OTFT in 1a. , carrier mobility is not. The V G shift required for V th, and is plotted in Fig. 2c against a logarithmic concentration scale. [25] suggests a similar value as we find here.
We followed up with a series of control experiment to show that the result in Fig. 2 is indeed caused by sensitising rrP3HT with calcium ionophore VI, and that our transistors are C 2+ over other waterborne cations. We now only compare
OTFTs gated with concentrated (0.1M) cation solutions vs. DI water gating. 
Conclusions
Electrical detection of waterborne cations with insoluble ionophores relies in two processes:
The complexation of the cation by the ionophore, and the transduction of complexation into an electrical signal via the associated shift of interfacial potential. Established sensors split these processes over two separate functional components: Typically, a sensitised PVC membrane for cation/ionophore complexation, and an electrochemical transducer [e.g. 15 ], or a TFT 23, 24 , to detect potential shift. We here unite both functions in a single layer that is deposited in a single step. We add a cation-selective ionophore to the casting solution of a semiconducting polymer before processing into a water-gated TFT. The resulting TFT detects and transduces waterborne cations without loss of selectivity, sensitivity, or limit of detection, but with much simplified device preparation. We no longer require the PVC membrane, nor an electrochemical reference electrode. This opens a new, simple route to apply the formidable back catalogue of cation selective, water insoluble macrocycles (e.g. 9-13, 15-19, 29, 30 ) for practical cation sensors.
We suggest two lines of future work. Firstly, our sensor, as well as devices incorporating PVC membranes (e.g. 15, 23, 24 ), display near-Nernstian response only down to a limiting concentration, which sets a limit of detection (LoD) which is approximated as c st by the Nikolsky-Eisenman equation. As Nikolsky theory relates c st to the sensitiser rather than the transducer, we propose to dope rrP3HT with ionophores that are known to lead to very low LoD in potentiometric transducers, e.g. 15 . Secondly, the read-out of our sensor is currently V th is evaluated manually from measured and plotted transfer characteristics. Real-time read-out can be achieved by a constant current source that places the sensitised OTFT in the feedback of an operational amplifier circuit, as for traditional ion-sensitive field effect transistors (ISFETs) 31 .
